Galloping of structures such as transmission lines and bridges is a classical aeroelastic instability that has been considered as harmful and destructive. However, there exists potential to harness useful energy from this phenomenon. This paper focuses on harvesting wind energy that is being transferred to a galloping beam. The beam has a rigid tip body with a D-shaped cross section. Piezoelectric sheets are bonded on the top and bottom surface of the beam. During galloping, vibrational motion is input to the system due to aerodynamic forces on the D-section, which is converted into electrical energy by the piezoelectric (PZT) sheets. The relative importance of various parameters of the system such as wind speed, material properties of the beam, electrical load and beam's natural frequency are discussed. Experimental and analytical investigations of dynamic response and power output are performed on a representative device. A maximum output power of 1.14 mW was measured at a wind velocity of 10.5 mph on a prototype device of length 235 mm and width 25 mm. A potential application for this device is to power wireless sensor networks on outdoor structures such as bridges and buildings.
Introduction
Galloping of a structure is characterized as a phenomenon involving low frequency, large amplitude oscillations normal to the direction of incident wind. Typically, it occurs in lightly damped structures with asymmetric cross sections. Galloping is caused by a coupling between aerodynamic forces acting on the structure and the structural deflections. Significant research has been done in the past to study various parameters influencing galloping behavior of structures with different cross-sections, such as, rectangular, prismatic, D-section, and triangular. A classic example is the galloping of ice-covered transmission lines.
Den Hartog [1] explained the phenomenon of galloping for the first time in 1934 and introduced a criterion for galloping stability of a structure. Alonso et al. [2] conducted experiments on a prismatic bar with triangular cross-section, mounted on an elastic support. He determined the aerodynamic coefficients (sectional lift and drag) of the cross-section and demonstrated the dependence of quasi-steady angle of attack on the occurrence of galloping. Kazakevich and Vasilenko [3] determined the dependence of galloping amplitude on incident wind velocity by means of a closed form analytical solution for a bar with rectangular cross-section. Experimental results obtained by Laneville et al. [4] on a Dsection exposed to turbulent flow show that it is highly prone to galloping at higher angles of attack. These past studies have established the influence of various parameters such as wind velocity, cross-sectional geometry of the structure and angle of attack, on galloping.
The structural vibrations induced by galloping can be beneficial if converted into a useful form of energy. There have been limited studies in past on harvesting energy from aerodynamic instabilities. Barrero-Gil et al. [5] theoretically investigated the feasibility of energy harvesting from structures undergoing galloping. They represented the sectional aerodynamic characteristics using a cubic polynomial and obtained an expression for the harnessable energy. Specific methods for energy extraction were not discussed. Robbins et al. [6] investigated the use of flexible, flaglike, piezoelectric sheets to generate power while flapping in an incident wind. Wang and Ko [7] carried out studies to harvest energy from a piezoelectric sheet excited by flow-induced pressure fluctuations. Their design generates an output power of 0.2 lW in response to a pressure fluctuation occurring at 26 Hz.
Piezoelectric materials are a convenient way to extract energy from vibrating structures. Because these materials exhibit electromechanical coupling, they can convert strain energy to electrical energy and vice versa. Piezoelectric materials have found wide application as low power generators. In the majority of these applications, the energy harvester is attached to a structure, and it extracts energy from ambient vibrations by operating as a baseexcited oscillator. Several analytical models have been proposed to quantify the electrical energy that can be generated. Sodano et al. [8] developed an model for a piezoelectric bimorph energy harvesting device, using Hamilton's principle. Umeda et al. [9] investigated the electrical energy generated by a metal ball falling on a plate with a bonded piezoelectric sheet, and proposed an electrical equivalent circuit that described the conversion of mechanical energy into electrical energy in the piezoelectric material. Roundy et al. [10] discussed the operation and analytical modeling of a base-excited energy harvester consisting of a piezoelectric bimorph with a lumped mass attached to its tip. A relationship for power output as a function of input vibration amplitude and frequency was developed. Ottman et al. [11] designed optimal power conditioning electronics for a piezoelectric generator driven by ambient vibrations. Ajitsaria et al. [12] developed mathematical models for the voltage generated by a bimorph piezoelectric cantilever beam, using three different approaches. All the above studies targeted piezoelectric energy harvesters based on ambient structural vibrations. As a result, these devices are inherently limited to relatively low power outputs. Some piezoelectric energy harvesting devices have been developed to harness energy from structural vibrations induced by wind. For example, the energy harvester developed by Tan and Panda [13] is based vibrations excited in a piezoelectric bimorph when exposed to incident wind.
A potential application of energy harvesting from a galloping structure is to power wireless sensors that are commonly used for health monitoring of large civil structures. The availability of low-power micro-sensors, actuators, and radios is enabling the application of distributed wireless sensing to a wide range of applications such as smart buildings, medical applications, and precision agriculture [13, 14, 15] . Wang et al. [16] described a prototype wireless sensing system specially designed for structural monitoring of a bridge, which uses batteries as a power source. Mainwaring et al. [17] studied the application of wireless sensor networks to real-world habitat and environmental monitoring such as monitoring seabird nesting environment in an ecological reserve. They described the energy requirement for each node to be 6.9 mAh per day. All these applications demonstrate the wide use of wireless sensor network systems that are typically powered by batteries. Replacement of depleted batteries for large network systems is expensive, impractical and environmentally unfriendly. Hence, the use of energy harvesting methods to power the sensors on-site can be beneficial. Because these wireless sensors are all located outdoors, powering them by means of wind energy is a practical alternative to battery power sources.
A piezoelectric energy harvesting device based on a galloping cantilever beam is described in the present work. Such a device has the primary advantages of simplicity and robustness, and could be collocated with the wireless sensors to provide a source of renewable wind energy.
Physical Mechanism of Galloping
Consider a prismatic structure with a D-shaped cross-section mounted on a flexible support, exposed to incident wind with a velocity V 1 along the x-direction as shown in Fig. 1 . Initial perturbations generated by the vortices shed from the D-section result in small, periodic oscillations normal to the direction of incident wind, at a frequency that is a function of the Reynolds number. Let the section be moving downward with a velocity y (defined as positive in the positive y-direction). The instantaneous angle of attack a is given by:
where V a is the apparent velocity of the incident wind, equal in magnitude and opposite in direction to _ y. It is seen that a depends upon the velocity y of the galloping body as well as on the incident velocity. The quasi-steady lift force L and drag force D (per unit length) on the section are given by:
where b is the characteristic length normal to incident flow (chord of the D-section), q is the air density, and C l , C d are the sectional lift and drag coefficients respectively. Previous research has shown that it is sufficient to include only quasi-steady aerodynamic forces in the analysis, because the characteristic time scale of the system (b/V 1 ) is much smaller than the galloping time period [5] . The components of the lift and drag along the y-direction give the instantaneous excitation force per unit length F y as:
Typical 2D (two-dimensional) sectional lift and drag coefficients for a D-section were measured by Ratkowski [18] , and are shown in Fig. 2 . Note that the angle of attack (plotted along the x-axis) is defined as the angle between the incident wind and the flat face of the D-section. For a D-section oriented as shown in Fig. 1 , the angle of attack is close to 90 . In this region, it is seen that the lift coefficient C l is approximately linear and has a negative slope.
The equation of motion of the D-section mounted on a flexible support, having effective mass per unit length of m, a structural damping coefficient n and stiffness mx n [2] is basically that of a linear spring mass damper oscillator with the forcing term F y : m½ y ::
For small displacements from an equilibrium position,
Hence, for small a, Eq. (5) can be written as:
::
Equation (7) represents the general equation of motion governing galloping of the structure. It is seen that the forcing term acts as an additional damping due to its dependence on _ y. Unstable oscillations, i.e., galloping, occur when the effective damping of the system becomes negative. For low values of structural damping n, the condition for galloping to occur can be written as:
Equation (8) is known as the Den Hartog criterion [1] and can be used to estimate when galloping will occur on any given structure. This criterion depends only on the sectional aerodynamic coefficients; specifically, galloping occurs when
From Fig. 2 , it is seen that this condition is satisfied for the Dsection when the incident wind is perpendicular to the flat face. The negative damping coefficient during galloping condition indicates that energy is extracted by the structure from the air stream. This energy can be harvested and used as a power source. 
Operating Principle of the Galloping Device
The galloping device developed in this study consists of an aluminum cantilever beam with a tip body consisting of a rigid prismatic bar having a D-shaped cross section. A schematic of the device is shown in Fig. 3 . The beam is initially held at rest. The direction of incident wind is normal to the flat surface of the Dsection, which corresponds to an angle of attack of 90 as defined in Fig. 2 . For angles of attack in this range, the lift curve slope of the D-section is negative, and the Den Hartog criterion is satisfied. As a result, the D-section is prone to galloping. Initial perturbations are caused by vortex shedding and the D-section begins to gallop in a direction transverse to the plane of the beam. The resulting oscillatory bending displacement of the beam progressively increases in magnitude as energy is transferred from the incident wind to the structure. Piezoelectric sheet elements (PZT) bonded to the top and bottom surface of the aluminum beam generate an alternating voltage in response to the bending induced by the galloping D-section. In a practical wind energy harvester, the generated electrical energy would be stored or used to power other devices; however, in the present study, the voltage is simply discharged across a load resistance.
The load resistance across the piezoelectric sheets dissipates energy in the form of Ohmic heating and hence, acts as an additional positive damping on the system. Therefore the amplitude of oscillation of the beam increases till a steady state is reached, wherein the energy extracted from the incident wind is exactly equal to the energy dissipated across the load resistance. In this steady state, the amplitude of oscillation remains constant. For a given incident wind velocity, the induced angle of attack is a function of the beam tip displacement, oscillation frequency, tip slope and location along the tip body.
Analytical Model
A coupled electromechanical model of the galloping energy harvesting device is developed from a mechanics based approach, using the coupled electromechanical energy of the system (see Sodano et al. [8] , Lee [19] , Nisse [20] ) The goal of the model is to predict the voltage generated by the PZT as a function of time, for a given incident wind speed, beam geometry and load resistance. The model consists of two parts: the structural model and the aerodynamic model. Devices with different tip bodies can be modeled using different aerodynamic models in conjunction with the same structural model.
Structural Model.
The constitutive equations of a piezoelectric material, relating the strain and electric displacement D to the mechanical stress r, and electric field E are given by [21] :
where
mechanical stress, respectively. The potential energy U of the device consists of terms due to mechanical strain energy as well as electrical energy, and is given by:
where the quantity V p indicates the volume of the piezoelectric element and V s is the volume of the base structure. In the case of the device in the present study, Eq. (11) can be simplified by substituting one-dimensional quantities for stress, strain, electric field and electric displacement, yielding:
Because the coupled energy (as opposed to enthalpy) of the system is being considered, it must be expressed in terms of the basic quantities D and [epsilon]. Dropping the subscripts and substituting for stress and electric field from the piezoelectric constitutive equations gives
Where the superscripts D and refer to quantities measured at constant electric displacement and constant strain, respectively. The electromechanical coupling coefficient of the piezoelectric, k is given by:
Note that
Using the Euler-Bernoulli theory for a beam in bending yields the strain at any height y from the neutral axis as: 
where v 00 is the curvature (v is the vertical displacement in the y-direction). The beam displacement v can be assumed as:
where u is the vector of shape functions set to satisfy boundary conditions, r is the vector of temporal coordinates of displacement and N is the number of modes included in the analysis. The electric displacement is related to the charge generated q and the area of the electrodes A p by:
Substituting the above expressions into Eq. (13) yields the potential energy of the device as:
The kinetic energy T is given by:
21) The quantities m tip and I tip correspond to the mass and moment of inertia of the tip body, respectively. Substituting for the assumed displacements, we get
The external virtual work done on the system is given by:
where F tip and M tip are the external forces and moments acting at the tip of the beam, and V is the voltage across the electrodes on the piezoelectric sheets. The governing equations of the system can be derived from the potential energy, kinetic energy and virtual work either by using Hamilton's principle or by applying Lagrange's equations. The governing equations are:
In the above equations, the effective mass matrix M is given by: The effective stiffness matrix K is given by:
A coupling vector H can be defined as:
The capacitance of the piezoelectric sheets, C p is given by (assuming a uniform cross-section and a piezoelectric sheet of thickness t p ):
In addition, for the present system, the voltage and charge are coupled together by the load resistance R L connected across the electrodes of the piezoelectric sheets. This relation can be expressed as:
Equations (24) and (25), in conjunction with the voltage-charge relation given by Eq. (30) represent a coupled electromechanical model of the power harvesting device. To account for structural damping, an additional proportional damping matrix C is incorporated.
C¼aMþb K
where a and b are determined from:
In the above equation, x i is the natural frequency of the ith mode, f i is the modal damping, and N is the number of modes (equal to the dimension of the mass and stiffness matrices). These quantities are measured experimentally from the impulse response of the beam with an appropriate electrical boundary condition for the piezoelectric sheets.
Aerodynamic Model.
The right hand side of Eq. (24) represents the forcing function. In the case of the present galloping device, the tip of the beam is subjected to aerodynamic force F tip and tip moment M tip that are due to the sectional aerodynamic force F y integrated over the length L of the tip body. The present analysis only considers quasi-steady aerodynamics and neglects any apparent mass of the air surrounding the structure. The aerodynamic force and moment are given by:
where s is the length coordinate along the tip body. Due to the geometry of the device, the sectional angle of attack is a function of rate of change of beam tip displacement, rate of change of beam tip slope and the location of the section along the tip body, and is given as: The sectional lift and drag coefficients were obtained from the data measured by Ratkowski [18] (Fig. 2) . Note that the angle of attack a eff required to use this data is related to the angle of attack in Eq. (35) 
where L is the length of the beam. The tip body is discretized into several elements to evaluate the tip force and tip moment as given by Eqs. (33) and (34). The geometry of the beam with piezoelectric sheets and the spatial discretization of the tip body are shown schematically in Fig. 4 . The block diagram shown in Fig. 5 describes the solution procedure. The model predicts beam tip response v(L,t), voltage v(t) generated and current flowing through the load resistance for given values of incident wind velocity, load resistance and device geometry. Tip bodies of any cross-sectional geometry can be evaluated by incorporating the appropriate sectional airfoil characteristics in the form of a table lookup.
Experimental Setup
A prototype galloping beam device was constructed and tested to validate the analytical model. The tip body is a rigid wooden bar 235 mm long, with a D-shaped cross section of 30 mm diameter. The bar is attached to the tip of a 90 mm long aluminum cantilever beam, of width 38 mm and thickness 0.635 mm (see Fig. 6 ). Two piezoelectric sheets (PSI-5H4E from Piezo Systems, Inc.
[22]) of length 72.4 mm, width 36.2 mm and thickness 0.267 mm are bonded to the top and bottom surface of the aluminum beam. The piezoelectric sheets are connected in parallel with opposite polarity, because the top layer undergoes tension when the bottom layer is undergoing compression. In this way, the charges developed by the piezoelectric sheets are added together and the effective capacitance is the sum of the capacitances of the individual sheets. The properties of the beam, tip body and piezoelectric sheets are listed in Table 1. A range of load resistances are connected across the piezoelectric sheets to measure the voltage generated. A NI 9205 data acquisition system in conjunction with Labview was used to acquire the data. A voltage divider circuit was used to scale the generated voltage down to the range of the data acquisition system. The beam was exposed to different wind velocities by placing it in front of a variable speed axial fan. The wind velocity was measured by a digital anemometer. The generated voltage was measured over a range of incident wind velocities for a constant load resistance. The power generated was calculated based on the generated voltage and the load resistance. The generated voltage was measured over a range of load resistances at a constant wind velocity. 
Results and Discussion
The focus of the experiments was to measure the bending response of the beam and the voltage generated by the piezoelectric sheets. These data were used to validate the analysis. The influence of various parameters of the system on the power generated was also studied. Figure 7 shows the general trend of measured voltage generated by the piezoelectric sheets starting from rest at a constant incident wind speed. A steady state voltage amplitude of 32 V was measured across a 0.7 MX load resistance, at a wind speed of 9.5 mph. This corresponded to a beam tip displacement of approximately 20 mm. Note that although the bending deflection was relatively large, torsional deflections were observed to be minimal. A beam of lower chord may exhibit increased susceptibility to torsion, which may lead to an undesirable change in the angle of attack of the section.
A closer look at the steady state voltage is shown in Fig. 8 . It was observed that the response is predominantly a single mode. The frequency of oscillation was found to be constant irrespective of load resistance or wind velocity, and was equal to the natural frequency (4.167 Hz) of the cantilever beam. Note that this result is consistent with the response of a self-excited system, which tends to oscillate at its natural frequency. A major advantage of this kind of response is that the energy harvesting electronics can be optimized to have its peak efficiency at a specific operating frequency.
The mechanical damping ratio f of the cantilever beam is calculated from the impulse response of the beam. The voltage generated by the piezoelectric sheets, with open-circuited electrodes, in response to a tip impulse is shown in Fig. 9 . From these data, the damping is calculated using the logarithmic decrement.
The measured voltage was compared to that predicted by the analysis for various load resistances and wind velocities. A comparison of the measured and predicted voltages at steady state, for a load resistance of 0.7 MX, is shown in Fig. 10 . Note that an initial perturbation is introduced in the model to initiate galloping (similar to the effect of the Von Karman vortex street observed in practice) by giving the beam a small tip displacement. A good correlation of both amplitude and frequency is observed. Figure  11 shows the voltage generated by the piezoelectric sheets during the transient response of the beam, as calculated by the analytical model. It is seen that the amplitude of the generated voltage increases with time and then reaches a constant value, qualitatively following the transient response measured experimentally (Fig. 7) . It can be concluded that the analytical model can capture both the transient and the steady state behavior of the system. In addition, it can be concluded that quasi-steady aerodynamics are sufficient to describe the forcing on the structure, which was intuitively expected due to the relatively low frequency of oscillation, consistent with previous research [5] .
Good correlation is also observed between the measured and predicted steady state voltage amplitudes as a function of load resistance ( Fig. 12 ) and wind speed (Fig. 13) . It is seen that the generated voltage increases approximately linearly with the wind velocity for a given load resistance. Note that the voltage generated by the piezoelectric sheets was on the order of 30 V, which implies that small signal electrical characteristics are no longer applicable. This may account for the discrepancies between the predictions and the measured data. Other sources of error could include the effect of the finite thickness bond layer, and discrepancies between the operating conditions (for example, Reynolds number) of the present experimental setup and the experimental setup used for the published aerodynamic coefficients. Although the generated voltage increases with load resistance and wind velocity, the device generates maximum power when the load resistance is optimal. This trend can be seen in Fig. 14 . The power plotted is the average power, which is half of the peak power.
The variation of measured power output on wind velocity is shown in Fig. 15 , along with analytical predictions. These values correspond to the maximum power output, based on a load resistance of 0.7 MX. It is seen that the power output progressively increases with increasing wind velocity. The power output is negligible below a wind velocity of 5.6 mph due to the inherent structural damping in the device. However, annual average wind speed estimates; for example, in region of Texas is around 13 mph [23] , which implies that the range of power output shown in Fig. 15 is practically achievable. For the prototype galloping device, a maximum power output of 1.14 mW was achieved at 10.5 mph. Experimental results by Ajitsaria et al. [12] have indicated a maximum power of 250 lW produced by their bimorph PZT bender based on harvesting structural vibrations. It can be concluded that it may be possible to harvest larger amounts of power using galloping devices compared to devices based on structural vibrations.
Summary and Conclusions
A device based on a galloping piezoelectric bimorph cantilever beam was developed to extract power from wind. The beam has a rigid, prismatic tip body of D-shaped cross section that undergoes galloping in an incident wind. Piezoelectric sheets bonded on the beam convert the strain energy into electrical energy.
The electrical power generated by a prototype device 325 mm long was measured over a range of wind speeds, and the feasibility of wind energy harvesting using this device was demonstrated. The power output was observed to increase rapidly with increasing wind speed. Due to the structural damping of the beam, a minimum wind velocity of 5.6 mph was required to generate power from this device. A maximum power output of 1.14 mW was measured at a wind velocity of 10.5 mph.
An analytical model of the device was developed, including quasi-steady aerodynamics for the forcing, aerodynamic properties of the tip body, structural properties of the beam and the electromechanical coupling of the piezoelectric sheets. The analytical model showed good correlation with measured data, and was able to predict both the transient and the steady-state behavior of the device. It was observed that geometry and mass parameters, which determine the natural frequency of the system, play a significant role in the maximum power generated. The good correlation between the analysis and measured data indicates that quasisteady aerodynamics are sufficient to model the forcing during galloping. Any tip body can be modeled by inputting appropriate sectional aerodynamic data. In this way, a tip body with optimum aerodynamic properties can be designed to maximize the power output of this device. A potential application of power generation using this device is to power wireless sensor devices in large civil structures, exposed to natural wind. It can be concluded that it is possible to harvest significantly more power using this kind of device compared to a device based on ambient structural vibrations. The device described in this paper forms a baseline for future advancements in development of wind energy based piezoelectric power generators.
